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I -UNPARTITIONEDBIADIS

ByDonaldR.MulhollandandPorter

SUMMARY

A

AGAINSTICING

J.Perkins

Aninvestigationtodeteminetheeffectivenessoficingprotec-
tionaffordedbyair-heatinghollowsteelunpartitionedpro@ler
bladeshasbeenmnductedintheNACAClevelandicingresearchtunnel.
Thepro~llerusedwasa productionmodelmodifiedwithbkde shank
Lmdtipopeningstopetitinternalpassageofheatedair.Blade-
mrfaceandheated-airtemperatureswereobtainedandphotogmphic
observationsoficeformationsweremadewithvariationsinicing
tntensityandheathgratetotheblades.

Fortheconditionsoficingtowhichthepropellerwassubjected,
Itwasfoundthatadequateiceprotectionwasaffordedwitha heating
mte of40,000Btuperhourperblade.Withlessthan40,000Btuper
hourperblade,iceprotectionfailedbecauseofsignificantice
acorethnsontheleadingedge.Thechordwisedistributionofheat
wasunsatisfactorywithmostoftheavailableheatdissipatedwell
backoftheleadingedgeonboththethrustand@er faces
insteadofattheleadingedgewhereitwasmostneeded.A low
utilizationofavailableheatforIcingprotectionisindicated
bya heat-exchangereffectivenessofapproximately47percent.

INTRODUCTION

Asthedemandforall-weatherprotectiononaircraftforunim-
pairedandconti.nuou8commercialandml.litaryservicedeveloped,
thedetrimentaleffectsofpropellericingonairplanepn’fomance
becameincreasinglyimportant.Earlyattemptstowardsomemeans “
ofpropellerIcingprotectioncenteredaroundtheuseofanti-icing
pastesandsllnger-r@arrangementsfordistributinganti-icing
fluidsonthepropeller-bladesurfaces.Morerecently,electric
de-icingsystemsusingexternalrubber-cladeleotricheat= elemnts
havebeenemployedwitha ccmqxmativehighdegreeofsuccess(refer-
ence1). Attemptshavealsobeenmadetouseinternaleleotric
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heaters,whichinherentlyeliminatethepossibilityoferosion
andpreservetheaerodynamicperformanceofthebladesurface.

1586

damage

A systemhasbeenrecentlydevisedwherebythepropellerblades
areheatedbypassageofa hotgasthroughthecavityofholluwsteel
blades.Previousevaluationofthethermlperformanceusingthe
hot-airmeansofpropellerheatingisreportedinreference2,and
flighticingobservationsusingsuchpropellerheatinghavebeen
tie bytheCurtissWrightCorpo=tion.

Aninvestigationwasconductedintheicingresearchtunnel
oftheNACAClevelandlabomtoryusinga production-modelpro-
pellertheb?adesofwhichweremodifiedwithshankandtipopen-
ingsforthelaternalpasw ofheatedair.Thetiporifices
differedsli~tlyfrcmthose,onthebladesusedinthetwopre-
viouslymentionedinvestigationsofair-heatedpropellers.~ta
weretakentodeteminetheeffectivenessoftheblade-heating
system,blade-eurfacetempe=tures,andheatrequirements,aswell
astoobtainobservationsoftheicingprotectionaffordedbythe
heat@ system.

Thecompleteresearchprogmminvolvedinvestigationofair-
heating(1)fullyhollowunpz’l+tionedpropellerblades,(2)pro-
pellerbladespartitionedtoconfinetheairflowtotheforward
one-halfofthebladecavity,and(3)propellerblades~itioned
toconfinetheairflowtothefozwardone-fourthoftheblade
Cavity.Onlytheunpartitioned-b~econfigumtionisconsidered
herein.Blade-surfacetempemturesweremeaeuredbymeansofribbon-
typethcnmmcouplesfairedintoa smoothplasticcoating.Sucha
systemreducedthedisturbanceoftheairflowbehindsuccessive
thermocouplestoa minimum.

Thefollcwingsymbols

bhde chord,feet

S3!M60LS

areusedinthisreport:

speoifiuheatofafratoonstantpressure,0.24Btu~r pound
per9

propellerdiaamter,10feet,2 inches

accelemtionofgravity,

bladethiokness,feet

mechanicale’quival.entof

32.2feet

heat, 778

persecondpersecond

footpoundsperBtu

——
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propellerspeedjrpm

heatingrate?Btuperhourperblade

indioatedtunnelairtemperature,OF

heated-airtemperatureatbladeshankcolMur,%’

blade-surfacetemperature,%

heated-airtemperatureatbladetip,%

tuunelairvelocity,feetperseaond

pmpeUertipvelocity,feetperseoond

bladeangle,degrees

bladeheat-exchangereffactiveness,percent“

APPARATUS

Propellerinstallation.- Theicingresearchtunnelinwhichthe
propellericinginvestigationwasoonaucteaisa return-metunnel
ofre~~ crosssection.Full-maleoperatingconditionswere
aohievedbymountinga propeUerinthematidiffuserofthetunnel
ata pointwherethetunneldimensionsareapproximately15by
12feet(fig.1)andmaxhuunairvelocities=e approximately200feet
persecond.A modlfiedairplanefuselageoontalninga liquid-oooled
enginewasinstalledinthetunneltosupp- anddrivethepopeller.
A four-bladeproduction-mmielhollowsteelpropellerof10-foot
2-inchdiemeter,modifiedwithshankandtipopeningstopermitthe
internalflowofheatedair,wasusedfortheicinginvestigation.
Thepropeller-bladecharacteristicsare~esentedinfigure2.

Theinstrumentationspacerequirementsfortemperaturemeasure-
mentsnecessitatedtheremovaloftheelectriopitch-changemotor
assemblyandtheuseofa special.pitchgesrthatlookedthepro-
pellerbladesatanydesiredpitch.

spraysystem- Icingconditionswereestablishedinthetunnel
whenwaterwasadmittedtothe’spraysystem,whichoonsistsofa
ring of46air-atomizingsprqnozzles.Thenozzlesdiso~gewater
perpendicularlyintotheairstreamimmediatelyupstreamofthe
tunnelcontractionata point117feetaheadofthepropeller.

—--—- ——-. —. -—. - —.
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Propeller-blkdeheatingsystem.-Heatedairwassuppliedtothe
propellerfromeleotiicheatersoutsidethetunnel.Autcmtically
&n&lled dampers,whiuhmixedheatedandunheatedair,mlntained
thedesiredtem~nture.As showninf@re 3,thede-icx air
enteredtangentiallyintoa stationaryscroll-type-old prc-
tidedwithseve~loutletstothespacebetweenthemmlfoldand
therevolvingspinner.Fourholesinthespinnerrearbulkhead
admittedairintocollars,whichsurroundeachbladeshank,from
whiohtheairenteredthebhdetobedischargedthrougha tip
orifice.Constructiondetailsandphotographsoftheshankinlets
anddischargeOYXtfiCeare showninfi~ 4.

Thebladewassodesignedthatthetip-orificeareadeter-
ndnedthe~ flowofairthroughtheblades.Fropeller-
efficiencylossesassociatedwithairflowthrougha tiporlflce
onsimilarpropellerbladesarereportedinreference3 tobea
mximumof3 percent.Itwasccunputedthatthepowerrequiredto
pump425poundsofairpr hourperbladeata propellerspeedof
1050rpmem.ountedtoabout2 horsepowerperblade.

A segmentedgraphitesealconfinedina groovetitheouteredge
ofthestationarymnifoldreducedtheairleakagebetweentheeta-‘
ticnaryandrotatingmenibers.Thegmphltesegmentswerepermitted
torotateincontactwiththeoverhangingedgeofthespinnerbulk-
head.(Seefig.3) Slidingcontactcarbonringsineachblade-
shankcollarprovidedairsealEJatthebladeshanksandpemnitted
pitchadjustment.

Theprimarysourceofairenteredtheelec~iuheatersoutside
thetunnelatalmwphericpressure.Lossesintheheaterandduoting
system,incombinationwiththepump- action oft~ ~vol~
blade,reducedthepressureh themnlfoldtosomevaluebelowthe
tunnelpressure.Thepumpingactionofthebladeandthepressure
lossesat the bladeshankandthebladetipwereofsuohmagnitude
thattheairwasdischargedfromthebladeattunnelpressure.
Becausethetmnneluressureexceededthemanifoldpressure,air
leakedtitothesy&emfromthetunnelpastthe
Thissecondarysourceofairthenbecamea part
fluw.

INsTRmmTmIoN

gri@itesials.
ofthebladeair

Theinstrumentationusedduringtheinvestigationprovidedfor
measurementoftunnelandpropellerope=tingconditions,propeller
heated-airtemperaturesandmassflow,andblade-surfacetemperatures.
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Strobosoopiuflashlamps,whiohweremountedInthetunnelwalland
synchronizedwiththepropeller ta-ter, madeitpossibleto
observethepropellerbladesduringtheioingperiodandtoobtain
stroboscopicpioturesofthebladesduringiuingsuppl.enwnting
stillpioturesOf residualioing.

Tunnel.-hoe-air temperaturewasdeteminedthroughuse of
four bullek -nosedshielded-t~thermocoupleEIconstructedtopre-
venticefo-t iononthe$umtion.Twoofthesethermocouples
wereplaced12feetupstreamandtwowereplaced25feetdownstream
ofthepropellerplane;thefourreadingsobtainedwureaveraged.

Averagefree-slmeamliquid-watermntent,dropletsize,and
airvelocityweredetemninedfromtunneloalibratl-madeprior
tothepropeller InvestigationeReferenoevelooitymeasurements-
weremadewithelectricallyheatedmaxialpitotstatioandtotal-
headtub9snmnted12feetaheadofthepropeller.

Blade-heatingsystem.-Therateofflowofheatedairtothe
propellerwasmeasuredbymeansofa flatplateorifioeinstaUed
intheairduutleadingfromtheeleotricheaters.Temperatures
ofthehotairweremeasuredattheorifioe,atseveralpofntsin ,
thestationarymanifoldbehindthespinner,attheblade-shank
inlets,andatthetiporlfioes.

Theleakagepastthegraphitesealsattherearofthespinner
andaroundthebladeshanks(fig.3)wasfoundtobesufficientto
requirea correctionintheheated-airflow.Thisleakagewas
oalibntedagainstthedifferentialpressureaorossthesegmented
spinnersealbytemporarilybloukingofftheairflowtotheblades
attheshankinletsemdforcinghotairintothemanifoldandout
pastthesealswitha blowerattachedattheinlettotheelectric
heaters.Theoallbrationwasconductedatthepropellerspeeds
usedduringioingbutnoleakagechangewithpropeller-speedvari-
ationwasnoted.Thecalibrationourveusedforoorreotionofthe
airflowduringtheicx workisgiveninfigure5. Thelower
segmentsofthisourverepresentthecalititiondata;huwever,
inasmuohasthemnifoldpressurewaslessthantunnelpressure
andairleakedinduringnoml operation,a er-~e ~
forthesamelea-e ran8ewasconstructedabovetheoriginal
oul?veandusedto;O-C=
oalibmtion,a heated-air
manifoldtodeterminethe
y=o~~ WELScorreoted

thepropellerheated-airfluw.During
_rat- of400°F’wasusedm the
leakageout;~ref ore,themirror-
foranavemgetunnel+irtemperature
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Blade-surfacetempematures.-Chordwiseblade-surfacetempera-
turemeasurementswereobtainedfromthermocouplesplacedat40-
and70-percentradiiontwoofthefourblades.Locationsof
th013ethOl’lTIOCOUpbSare shown in fi~ 6. .

Don andconstantanwireribbonsofapproximatelyO.0015-inch
thicknesswerespot-weldedtothebladeatthepointoftempem-
turemeasurement,asshowninfigure7. Thismethodofattachment
protidesa soundthermocouplejunctionandsufficientDEWSatthe
junctiontopreventsignificantconductionalongthethermocouple
leads. Theribbonleadsextendedtothetnailingedgeandwere
insulatedfromtheblademetalandfairedtoa smoothfinalsur-
facewiththinlayersofplasticcement.Atthetzailingedge,
thewireinroundcotton-insulatedformwascementedtotheblade
andextendedtothehub.

.
Thistypeofinstallationfortemperaturemeasurementson

rotatingmemberswassatisfactoryexceptfortheleading-edge
thermocouples,whichweresubjettedtoextremeabrasionbywater.
Mostofthesethermocouplesfailedbeforecompletionofthepro-
-*

Thesystemformeasuringtheheated-airandblade-surface
tempemtureswasdesignedtorecordautomaticallyallbladeand
manifoldtemperaturesin 1minties.Accumulativeen?ors”in“the%
measuringcircuitgaveaccuraciesoftheremrdedtempenturesto
about2°F forvaluesbelow100°F andabout3°F forvalues
above100°F.

comm!Io198Am PIKmmmE .

Tulmelconditions.-Thepropellerwassubjectedtoicingcon-
ditionsatauibient-airtemperaturesfrom-90to19°F. Themaximum
tunnel+irveloci~atthepropellerwas200feetpersecondmeasured
at75-percentpropellermdius. Undernonicingconditions,theradial
velocitydistributionshowninfigure8providedhigherairvelo-
citiestowardthecenterofrotationandslightlylowervelocities
nearthebladetips.Thevelocityat75-percentradiuswaschosen
asthenominalreferencevelocityforpropellerwork.Withcon-
stant~ tunn61-fanspeed,icingofthetunnelsufficiently
reducedthemassflowtocausesignificantreductionsinvelocity
atthepropeller.Thisconditionresultedinfurtherreductions
ofvelocityontheouterportionsofthepropellerradiuswithless
significantohamgesinvelocitynearthecenterofrotation.. (See
fig.8,)

u
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Theliquid-yaterconcentration,determined
ibration,tied withaii?temperature(fig.9)

7

froma previouscal-
andrangedfrom

appro-tely0.1to0.9gramperoubiormterforairtemperatures
from3°to19°3’.Theeffeoti~dropletdiameterbasedonthe
volummaximumwasfoundina prelimharyinvestigationtobe
approximately55micronsovertheentiremnge oficingtempera-
tures.Thisvalueislmowntobelargecomparedtodropletdia-
metersusuallyencounteredinflight.Thecollectioneffi- ‘
ciencyofpropellerbladeswithsmll.leading-edgeradii,however,
ispracticallyindependentofdropletsize,decreasingonlyslightly
withrollerdropletdiameters.Verysmlldropletswouldresult
inlesschordwlseextentoficing.TheheatingvaluesrOquirOa
inthisinvestigationarethereforeconsideredtobeconservative
ifverysmlldropletdiametersareencountered.Furtherdetails
oftunnel-icingandoperatingconditicmspertainingtopropeller
icingresearchmaybefoundinreference1.

Rangeofpropellervariables.“-Thepropellerwasoperatedat
twobladeangles,28°and350,atwhichadvanceratios(60Va/%d)

of1.1and1.4,respectively,wereestablishedtoappro-te the
advance’ratiocorrespondingtopeakefficiency.Thelowmuilmml
availabletunnel-airvelocity,however,limitedthepropeller
speedsto1050end650rpmfortherespecti-bladeangles.

Thepumpingactionofthepropeller,togetherwitha boostpres-
sureof16inchesofwater(producedbythepressuredifference
betweentheatmosphereandthetunnel)andthefrictionlossin
theairheatingsystemestablishedtheheated-+rflowfrom400to
450poundsperhourperbladeat1050??@and350to400pounds
perhourperbladeat650rpm.

Typicalprocedure.-Datawereobtainedduring10-minuteperiods
ofsimulatedioingconditions.Priortoeauhicingperiod,data
wererecordedfor2 minuteswithalltheoperatingconditions
stabli.zedandheatedairflowingthroughtheblades.Surfacetem-
peraturesononepropellerbladewererecordedcontinuously
throughout
oondition~
pellerand
meansofa

thepreicingandioingperiod.Followingeachicing
residualicingphoto~phswereobtained,andthepro-
thetunnelwerethoroughlycleanedoficedepositsby
steamspray.

Theair-flowand
‘wereinvestigatedto

RESULTSANDDISCUSSION

Blade-HeatingSystem .

themalcharacteristicsofthe
determinet~ effective~ssof

heatingsystem
theun@r%itioned

—— .— -—..—— --— — —. _—-



8 NACATNNo. 1.586
●

bladeasa heatexchanger.Thebladeheat-exchangereffectiveness
fora propellerspeedof1050rpmwithnospmysoninthetuunel
isshowninfigare10asa funotionofheatingnzte.Theblade
heat+xchangereffectivenesshasbeenconsideredastheratioof
theheatdissipatedbythebladetothetotalheatingratetothe
bladeandwascalculatedbythefollowingequation:

tc - tt 1
q=

2
t

U

‘t .
c - ‘a + 2Jgcp

~ heatingraterepresentedby (t.-ta) iSau~ntedbyt~
equivalentheatingoftheinternalairbycentrifugalcompression.
Thevaluesofeffectivenessfromapproximately41to49percent,
showninfigure10,arenotconsideredunreasonablylowforthe
passageofairthrougha“propellerblade.Theheat-exchanger
effectivenesswouldbeincreasedwitha reductioninairflow
or an inoreaseinoufftempenture.Theriseinheat-exohanger
effactivenesswithincreasingheatingrate(fig.10)resultsfrom
theincreaseincufftemperatureata constantairfluw.

Observationsofthebkde-shankinteriorafteroperationshowed
considerablesootingbygraphiteaustwornfromtheairseals.
Shouldsuohsootingpersistthroughouttheinterioroftheblade,
heatt~er wouldbereduoedbytheinsulatingqualitiesofthe
de~ositandtheheat-exohangereffactivenesswouldbeadversely
affeoted.

!llheheatkransferalongtheleadingedge,the6reamostcritioal
withrespecttoiueformation,s.pffers=teriallyfromthenarrow
passageaffofiedtheairflowatthissection.Therestrictedarea
forinternalheattmnsferarisi&fromthesmallinternalperimeter
(comparedtotheexternalperimeter)wntributestoreducingeffec-
tivenessoftheairheatingattheleadingedge.

!l!herotationalforcesactingontheinternalairflowduring
propelleroperationprobablycreatea high-pressureareanearthe
trailingedgeofthebladeanddeveloppressuregradientschord-
wise-acrossthebladewithhighvelocitiesattheleadingedge.
Thisactionwouldbemostpronouncedattheinboatisectionsof
thebladebeohusetheoavityismorenearlyciruul-ar.Asthe
bladebeginstofl+tten,theflowisbelievedtobeconcentrated
nearthebenterofthechordbeoauseofthenarrowleading-edge

.

. . .— .— - —-———— —-
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passage;beyondapproximately55-~ercentradius,
peraturesindicatealmmtcompleteseparationof

9

blade-surfacetem-
theinternalflow

fromtheforepartoftheblade.Thuslittleheatingofthelead-
ingedgeis~ovidedontheoutboardsections.

A detailedtheoreticalanalysisofheattransferonsimilar
propellerbladesthatareheatedbymeansofinternalairflowis
giveninreference4.

Blade-SurfaceTemperatures

Thetemperaturedataobtainedfromthethermocoupleslocated
onthebladesurfacesarepresentedastheriseintemperatureof
thesurfaceabovetheindicatedtunnel-airtemperature.Thistem-
peratureriseispresentedasa functionofboththepositionon
thebladesurfaceandtheheatingratetotheblade.Inthe
isometricrepresentation(fig.11),theblade-surfacetemperature
riseisshownontheverticleaxis.Ontheaxisdesignatingthe
locationofthetemperaturemeasurement,thebladesurfaceis
laldoutinplanformwiththeleadingedgeasthecenterandthe
distanceoverthethrustandcamberfacesextendingalongtheaxis
oneitherside.Thethirdaxisindicatestheheatingratetothe
blade.I!achblade-surfacetemperature-risecontourrepresentsdata
recordedina single1/2minuteofstabilizedtunnelconditions
andheatingratetothepropeller.

Representativecurvesinfigure11shuwblade-surfacetemperature
distributionstakenatthe40-and70-percentradiiunderno-spr~
andicingconditionsata propellerspeedof1050rpm.Thedata
withnosprayswereobtainedduringa 2-minuteperiodpriorto
turningonthespraysinthetunnel.Duringthisperiod,thetunnel
conditionsandpropellervariableswereheldconstantatpreviously
stabilizedvalues.

Whenconditionsforicingprevailinthetunnel,theblade-
surfacetempe~turesvarywithtime,evenwhentunnel-airconditions
andblade-heatingrateareheldconstant,becauseoftheformation
andsheddingofice.Thedatashowninfigure11aretherefore
trueonlyfora giveninstantandneednotberepresentativeof
averagetemperaturesundericingconditions.

Plotsforaverage temperatures,underbothno-sp?ayandicing
conditions,areshowninfigure12. Indevelopingtheavemge
curves,therelationofblade-surfacetempenturerisetoheating
ratewasassumedtobeindependentofthetunnel-airtempenture.

——-_..———
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Accordingly,allreadingsforeachthermocoupleonthebladesur-
facewereplottedagainstheatingrate.A linearrelationwas
assumedbetweenthetwovariablesanda straightlinewasdrawn
asanavemgeofthedataforeachthermocouple.F&cmtheseplots,
temperature-distributioncurveswereconstructedforheatingrates
of25,000,30,000,35,000,and40,000B@ perhourperblade.

!Chesecurvesshowthe@fficientdistributionoftheapplied
heattoun~itionedblades.Forexample,at40-percentradius
anda heating~te of40,000Btuperhourperblade (fig.1.2(a)),
thesurfacetempe~turesnear20-percentchordonthecamberfaoe
just~ior toturningonthespraysareover35°F higherthan
thoseattheleadingedgewheretheheatismostneeded.Also,
byincreasingtheheatingratefrom25,000to40,000Btuperhour
perblade,theleading-edgetempemtureatthe70-percentstation
israisedonly7°1?(fig.12(b)).Suchresultsshuwanetireme
wasteofheatcreatingexcessivelyhighsurfacetemperaturesback
oftheleadingedgeonboththethrustandcamberfaces.

Theinflectionsinthedistributioncurvesforthe40-percent
radialstation(fig.12(a))atabout20-percentchordonboth
thrustandcamberfacesindicatethepossibletransitionfrom
laminartoturbulantflowatthispoint.Athighheatingrates,
thistransitionapparentlydisap~arsfromthethrustfacebut
remzinsonthecamberface.~ conibinationofgreaterchordwise
heatconductioninthemetalforhighertemperaturegradientsand
lessturbulentflowoverthethrustfacecouldaccountforthemore
uniformdistributiononthethrustfacethanonthecamberface.

Theeffectsofwettingthebladesurfacearemostsignificant
asshownbycomparingtheno-sprayandicingconditionsforthe
sameheatingratetotheblade(fig.1.3).Inanicing-spraycloud,
theleadingedgeandthecamberfaceat40-percentradiusare15°to
30°F lowerthanforno-spinyconditions..

~ higherlocalvelocitiesoverthecamberfaceascomparedto
thethrustfaceresultingreatercoolingofthesurface,asshown
inthetempemturedistributionatthe70-percentradialstation #
(fig.14).Thedifferencebe~en thetemperaturesonthethrust
endcamberfaceswaslessat40-percentradiusthanat70-percent
radiusbecausethedifferencebetweenthevelocitiesonthetwo
faceswasnotasgreatatthesmallerradius.Changeofblade
angleandpropellerspeedhaveverylittleeffectonthegeneral
temperaturedistributionfortherangeofpropellervariables
investigated.A changeofpropellerspeedfrom105Oto850rpm,
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however,result=froma ohange
fora givenheatingratelowered

U.

ofbladeanglefrom28to35degrees
theinternalmss ah flowand

misedtheheated-airtemperature,consequentlysurfaoetemperatures
werehigher.~ addition,attheluwerpropellerspeedthebhde-
surfaoetemperaturewasInoreasedheoauseoftheresultantreduoed
erternaloonvectIvecool-.

Ioi@Observations

Unheatedcondition.-~ioal unheatedp’opeller-bladeioe
formations,takenafter10-minuteicingperiods,areshowninthe
photogmphoffigure15. Stroboscopicphotographstakenduring
propelleroperationareshowninfigure16. Thephotographon
theleftoffigure16istobeusedasa keyforthestrobosmpic
photographsofthatfigureaswellasallsubsequentstroboscopic
photogl%phs● Itillustratesthebkde positionswhenstroboscopic
picturesweretahn sothatphotographsofthebladeintheup
positionshowthethrustfaceandphotographsinthedownposition
showtheoamberfaoeofthepropellerblades.

Atthehighertunnel-airtempe=tures,whiohwereaccompanied
byrelatiwlyhighliquid-wateroontents(fig.9),veryroughoom-
binatimrime-andglaze-ioeformationsoccurredascomparedto
mootherandharderrimeicingthatoccurredatlowertemperatures.
A comparisonofthetwotypesoficingobtainedat
isshowninfigureX5. Thedifferenceinthetype
especiallyevidentontheairplanefuselageh the
gram ●

Althoughhighliquid-waterccmtentsexistedat
peratures,themostbulkypropellerioeformations

16°and10°F
oficingis
upperphoto-

highairtem-
0t2c-a IIBt3r

iOoto12bF (figs.15(b)&d-16).Muohofthewateravailable
forpropellericingathighertemperaturesdidnotfreezebeoause
ofthehigherbladetanpezzdmres,especiallyontheouterportionE
oftheb~es wherekineticheatingwasmosteffective.Underthese
conditionsoftempe~tureandliquid-wateroontent,muohoftheioe
formationooourredasrunback.(Seefig.15(a).)

Thecamberfaoeshaueda greatertendencytoIoeunderallcon-
ditionsthandidthethrustfaoe.Verylittleioingoocurredonthe
thrustfaoeatthehighertunnel-airtemperaturesexoeptasrunbauk,
whichextendedtoapproximately70peroentoftheradiusovermost
ofthethrustface.!J!heoamber-faoeioeformationswereheaviest
overtheleading-edgeregionneartheshanks,taperingtowardthe

.
-. —— —
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traildngedgeandtowardthebladetip. (Seefig.16.) Initial
icedepositsontheextremeleadlngedgewereinvariablysmooth
andsharp,extendingforwardinsme casesasmuchas3/4inch.
Theareaofic~ wasnotnoticeablyaffectedbypropellerspeed
fortherangeofspeeds6mplond.

‘Withseve=icingconditions(10°to12°F),partialshedding
usuallyoccurredbetween20and50percentoftheradiuswithin
thefirst7minutesoficing.Furtheroperationresultedinerratic
sheddingandreformationlea- a jaggedicedtructure,asshown
infigure16. Highertunnel+irtemperatureslengthenedthethe
beforethefirstthrow-off,andsheddingwasusuallyconfinedto
theextremeleading-edgeregion.lkckoftheleadingedgeshed-
dingbecamelessapparentastheambient-airtemperaturewas
increasedabovethatatwhichseveresticingoccurred.

Heatedcondition.-Photogmpheofresidualiceformationon
thecamberfacesofpro@lerbladesfolluwinga 10-minuteicing
periodareshowninfigure17forseveralheatingratesandat
severaltunuel-airtemperatures.F@ure18 ShOWS, bymeansof
stroboscopicphotogmqhstakenduringpropelleroperation,pro-
gressiveiceformtiononheatedbladesaswellasresidualicing.

Atpropellerspedsof1050rpmusinga bladeangleof28°
(fig.17),heatingratesupto40,000Btuperhon perbladewere
obtained.Comparedtoelectricheating,thisheatingratecor-
respondstoanaverageofapproximately8wattspersquareinch
overtheentirebladearea,orappro~tely3.8wattspersquare
inchactuallydissipatedtotheblade,consideringthebladeheat-
exchangereffectivenesstobe47~rcent.Underthemostsevere
conditionoficingat10°F,a heatingrateof39,400Btuperhour
perbladeresultedinpracticallycompleteicingpreventionexcept
fora verymmiilfomationattheleadingedgenear60percentof
theradiusonthreeofthefourblades(fig.17(d));thisicingis
rmtconsideredsufficienttoaffectpropelleroperation.Lowering
theheatingrateto26,000Btuperhourperbladeat10°F resulted
inlesssatisfactoryicbgprotectionattheleadingedge,asshown
infigure17(C).Theicefozzmtionshownforthisconditionisnot
consideredseverealthoughitoccursoverthecriticalworkingradius
oftheblade.Reference5,whichgivestheresultsofsimulated
icingonpropellerperformance,indicatesthatdisturbancesattri-
butedtorelativelysmoothsimulatedglazeicingattheleading
edgecauseda rmximumlossinpeakefficiencyof3 percentfor
levelflightandalsohdi=tedthatsucha losswouldbeincreased
toasmuchas15percentduringclimb.

.
..— — -—
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Atthelowesttunnel-airtemperature,(-2°F),a heatingrate ~
of40,000Btu~erhourperbladeprovidedcompleteprotectionfor
theconditionsthat~vailedinthetunnel(d?ig.17(f]),although
itislumwnthattheconditionoficingatthattemperaturewas
notseverebecauseofthelowliquid-watercontent.Forthisreason,
theeffectofsuchheatimgduringseverelow-temperatureicingcon-
ditionswasnotdemonstmtedexceptthroughmeasurementofthesur-
facetemperaturesshuwninfigure12. Inasmuchasthesurface
temperatureswerefoundtobeappreciablybeluwfreezing,itwas
assumedthatthemaximumheatavailableusingunpartitionedblades
wouldbeinsufficienttoaffordprotectionneartheleadingedge
ifsevereicingconditionswereencounteredatlowtunnel-airtem-
peratures.

Thestroboscopicphoto~phsshowninfigure18illustratethe
progressiveeffectivenessoftheheatingsystemcomparedwiththe
unheatedconditioninfigure16. Ineachcase,thepropeller
speedis850rgmduringicingconditionsattunnel-airtemperatures
of9°Fmand11 F. Withheatingconditionsinsufficientforcom-
pleteicingprotection,earlyformationoccurredontheleading
edgefrom20-percentradiustotheextremetipwithinthefirst
1/2minute.(Seefig.18(a).) Usuallythislightformtion
wouldrecedefromthetipveryquicklybecauseoftheerosioneffect
oftheiceparticlesintheairstream.Remaihingiceonthe
bladewouldthenbuildupinthiclmessbyanamountdependentupon
theeffectivenessofinternalheating.m firstthrow-offUSMlly
occurrednear40-percentradius.Ieading-edgeiceformtionsdid
notextendmorethan1 tichonthethrustfaceevenwithheating
ratesas lowas26,000Btuperhourperblade,butdidetiendas
muchas2 inchesonthecamber’face.Generalobservationsindicated
littleeffectofpropellerspeedontheareaoficingalthoughin
specificinstanceslessicewasapparentat1050m thanat850rpm.

&meralRemarks

Theeffectivenessofincreasingbladeheatingattunnel-air
temperaturesfrom-9°to19°1?indicatethatextremelylarge
quantitiesofheatareneces~ topreventicefommtionsat
thebladeleadingedgeusingunpartitionedbladesinsevereicing
conditions.Mostoftheheatisdissipatedfromthebladesur-
facewellbackoftheleadingedge,asindicatedbythechordwise
surfacetemperatures,sothatnuu%-of
unnecessarilyelevatedtemperatureif
tainedat32°F. Sucha distribution
oftheavailableheat.

thesurface%uld beatan
theleadingedgeweremain-
indicatespoorutilization

._. -—=—
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suMMmY03’msTJLTs

.

Withtheuseofstandard.>roduction-modelunpartitionedhollow
steelpropellerbkdesmodifiedwithshankandtipopeningstoper-
mitinternal~ssageofheatedairfor propellericingprotection,
thefollowingresultswereobtatidfortheconditionsofic,ing
towhichthe~ropellerwassu%jected:

1.Adequateiceprotectionwasaffordedwitha heatingrateof
40,000Btuperhourperblade.

2.Witha heatingratelessthan40,000Btuperhourperblade,
icingprotectionfailedbecauseofsignificanticeawretionson
theleadingedge.

3.Thechordwisedistributionofheatwasunsatisfactorywith
mostoftheavailableheatbeingdissi~tedwellbackofthelead-
Ingedgeonboththethrustandcamberfacesinsteadofatthe
leadingedgewhsremmt needed.

4.A lowutilizationofavailableheatforicingprotection
wasindicatedbyheat-exchangereffactivenessofappro-tely
47percent.

Flight2royulsionResearchLaboratory
nationalAdtisoryConmitteeforAeronautics

Cleveland,Ohio,J&maryI-5,1948.
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Camber face

Tip orifice

/’

Blademark/
Shankinlets

(a)Constructiondetails.

Flgure 4.- Shank inletsandtiporifioeforunpartitioned●ir-heated
propellerblades.
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(a) Thrust face of entire blade.

Figure 7. – Blade-surface thermocouple Installation before application
of final protective coating.
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Figure 7. - Concluded. Blade-surface thermocouple installation before
application of final protective coating.

. ,..— . — .————— —--——-—=-—-”—-—--”’”--””’—”--- -“ - ‘“ ‘ —



.

.— -——.



.
NACA TN No. 1586

.

Propellerradius,percent
Figure8.- Radialdistributionoftunnel-airvelocityatpro-
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Figure

c. 20349

Tunnel-air temperature, 16° F. 1.7.40 (b) Tunnel-air temperature, 10° F.

[5. - Typical Ice formations on unneated propeller blades and airplane fuselage after

iO-minute Icing period, Blade angle, 28°; propeller speed, 1050 rpm.
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Figure 16. - Stroboscopic photographs of unheated propeller blades during and following 10-minute. .,
Icing period. Tunnel-air temperature, Il” F; blade angle, 3EJ0;propeller speed, 850 rpm. .r-
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(al Heating rate, 31,0C0 Btu per hour per

blade; tunnel-air temperature, 17° F.
(b) Heazlng rate, 37,400 Btu per hour per

blade; tunnel-air temperature, 17° F. ‘

Figure 17.-Resldual Ice formations on camber face of propeller blades after lo-minute icing period.

Blade angle, 28°; propeller speed, 1050 rpm.
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[c, ] Heating rate, 26,000 Btu per hour ~r (d] Heating rate, 39,40Q Btu per hour per
blade; tunnel-air temperature, 10° F. blade; tunnel-air temperature, 10° F.

Figure 17. - Continued. Residual ice formations on camber face of propeller blades after 10-minute

icing period. Blade angle, 28°; propeller speed, 1050 rpm.
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(e] Heating rate, 31,900 Btu per hour per (f) Heating rate, 40,000 Btu per hour per
blade, tunnel-air temperature, -2° F. blade; tunnel-alr temperature, -2° F.

Figure 17. - Concluded. Residual ice formatlon~ on camber face of propeller blades after IO-minute

icing period. Blade angle, 28°, propeller speed, 1050 rpm.
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Figure 18. - Stroboscopic photographs of air-heated propeller blades during and followlng 10-minute

Icing period. Blade angle, 35°; propeller speed, 850 rpm. 8
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Figure 18. - Concluded. Stroboscopic photographs of air-heated propeller blades during and following ~
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